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Abstract. The three dimensional organization of mi- 
crotubules in mitotic spindles of the yeast Saccharomy- 
ces cerevisiae has been determined by computer-aided 
reconstruction from electron micrographs of serially 
cross-sectioned spindles. Fifteen spindles ranging in 
length from 0.6-9.4 Ixm have been analyzed. Ordered 
microtubule packing is absent in spindles up to 0.8 Ixm, 
but the total number of microtubules is sufficient to al- 
low one microtubule per kinetochore with a few addi- 
tional microtubules that may form an interpolar spin- 
dle. An obvious bundle of about eight interpolar 
microtubules was found in spindles 1.3-1.6  p~m long, 
and we suggest that the ~32 remaining microtubules 
act as kinetochore fibers. The relative lengths of the mi- 
crotubules in these spindles suggest that they may be in 
an early stage of anaphase, even though these spindles 
are all situated in the mother cell, not in the isthmus be- 
tween mother and bud. None of the reconstructed spin- 
dles exhibited the uniform populations of kinetochore 
microtubules characteristic of metaphase. Long spin- 
dles (2.7-9.4  p,m), presumably in anaphase B, con- 
tained short remnants of a few presumed kinetochore 
microtubules clustered near the poles and a few long 
microtubules extending from each pole toward the 
spindle midplane, where they interdigitated with their 
counterparts from the other pole. Interpretation of 
these reconstructed spindles offers some insights into 
the mechanisms of mitosis in this yeast. 
T 
HE structure of the mitotic spindle and its function 
have been studied in a wide variety of organisms, 
yielding a  few global  observations  about  spindle 
structure.  In  general,  spindles  are  organized from  two 
spindle  poles,  each of which nucleates several  classes of 
microtubules. These  classes  include astral,  kinetochore, 
and interpolar spindle  microtubules.  The astral microtu- 
bules  are not part of the spindle  per se, but can be in- 
volved in the orientation, and perhaps the elongation of 
the spindle.  Kinetochore microtubules connect the chro- 
mosomes to the spindle poles and are involved in chromo- 
some movements. The interpolar spindle microtubules ex- 
tend  from  each  spindle  pole,  interdigitate  with  their 
counterparts from the other pole, and are involved in sep- 
arating the poles with their attached chromosomes during 
anaphase B. This generic view of spindle  organization is 
thought by many to hold true for most spindles, including 
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that of the budding yeast, Saccharomyces cerevisiae. How- 
ever, in spite of extensive studies of mitosis in this organ- 
ism by molecular and genetic techniques,  little  informa- 
tion is available concerning the organization of its mitotic 
spindle. 
The budding yeast cell cycle does not include cytologi- 
cally discernable chromosome condensation or nuclear en- 
velope breakdown. The stages of mitosis therefore can be 
difficult to determine, especially when the available infor- 
mation is based on visualization of spindle morphology by 
immunofluorescence or by EM of longitudinal sections. 
To understand chromosome movements, mutations that 
lead to defects in mitosis have been identified in a large 
number of yeast genes.  Our understanding of the roles 
played by these genes in spindle function is based, in part, 
on the comparison of mutant phenotypes with the struc- 
ture observed in wild-type cells. When structure is deter- 
mined  by  immunofluorescent staining  of microtubules, 
comparisons  are made to the study of wild-type  cells by 
Kilmartin and  Adams  (1984). The  work  of Byers  and 
Goetsch (for review see Byers,  1981a) and Peterson and 
Ris (1976) has similarly served as the benchmark of wild- 
type spindle  structure  as  viewed in the  electron micro- 
scope. Wild-type spindle structures throughout the cell cy- 
cle  have  been  described  by Byers  and  Goetsch  (1974, 
1975a). This analysis included the characterization of wild- 
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(cdc) mutant arrests, and has provided key data for the in- 
terpretation of cell cycle stages in yeast. 
Understanding the mitotic mechanism in S.  cerevisiae, 
defining discrete segments of the cell cycle, and interpret- 
ing mutant phenotypes would all benefit from high resolu- 
tion studies of microtubule organization. Our current un- 
derstanding  of the  distribution  of spindle  microtubules 
comes primarily from the work of Peterson and Ris (1976) 
and King et al. (1982). Peterson and Ris (1976) used serial 
semi-thick (0.25 Ixm) to thick (1  p~m) sections and nega- 
tively stained whole mounts to analyze the three-dimen- 
sional  distribution  of  spindle  microtubules.  They  con- 
cluded that yeast has a conventional metaphase, followed 
by the shortening of kinetochore microtubules (anaphase 
A) of which they found an average of 14 microtubules for 
haploid  strains.  Continuous  (pole-to-pole)  microtubules 
were estimated to number about seven in haploid strains 
and this number was assumed to remain constant through- 
out spindle elongation. They found no evidence for over- 
lapping microtubules and thus no support for a mechanism 
of spindle elongation involving microtubule sliding. King 
et  al.  (1982)  used  negatively stained  images  of isolated 
spindle whole mounts to reach similar conclusions. Up to 
10 pole-to-pole microtubules were found in early spindles 
(1 Ixm length), but after the spindles elongated to ~4 ~m, 
only one continuous microtubule was  seen between the 
two  spindle  pole  bodies.  The  obvious  conclusion  from 
these data was that spindle elongation took place by mi- 
crotubule growth, not microtubule sliding. 
Three-dimensional  (3D) 1 reconstruction  of organelles 
or cells from electron micrographs of serial sections has 
proven to be an important tool in understanding biological 
mechanisms. Indeed, Peterson and Ris (1976) did report 
some success in reconstructing spindles from serial cross- 
sections for the purpose of counting microtubules, as did 
Byers (1981b) in the analysis of the monopolar spindles 
found at the cdc31 arrest. Similar reconstructions of synap- 
tonemal complexes from meiotic yeast cells  (Byers and 
Goetsch, 1975b) yielded an approximate number of chro- 
mosomes  for  this  organism.  More  recently,  computer- 
aided reconstruction of entire yeast cells has been accom- 
plishe  d (Baba et al., 1989). Computer programs have been 
developed that are specifically designed to reconstruct mi- 
crotubule systems from serial cross sections (McDonald et 
al., 1991).  These tools have been used to analyze spindle 
structure in mammalian tissue culture cells (McDonald et 
al., 1992; Mastronarde et al., 1993) and in Schizosaccharo- 
myces pornbe  (Ding et al., 1993).  In this paper, we have 
used  improved fixation protocols and  computer-assisted 
3D reconstruction to analyze spindle structure in S. cerevi- 
siae. We present data from 15 spindles ranging in length 
from 0.63 ~m to 9.41 p~m. Our results differ from the previ- 
ous reports by Peterson and Ris  (1976)  and King et al. 
(1982). The spindle reconstructions presented here have 
many conventional attributes  and some that  are  uncon- 
ventional. 
1. Abbreviations used in this paper: 3D, three-dimensional; FS, freeze sub- 
stitution; HPF, high pressure freezing;  NDA, neighbor density analysis; 
SPB, spindle pole body. 
Materials and Methods 
Strains and Cell Culture 
The yeast strains used were $288c (genotype: ct, gal2; source:  R. K. Mor- 
timer)  and  the  S288c-background  diploid  D8Bx5Ca  (genotype:  a/ct, 
his3A2OO/his3A200,  leu2-3,112/leu2-3,112,  trplAl/trplA1,  ura3-52/ura3.52; 
source:  this study).  Yeast cells were grown in YEPD (Sherman, 1981) at 
30°C in a shaking water bath. Cells were harvested in mid-log  phase at a 
density of 1-5 x  106 cells/ml. 
Preparation of Cells for Electron Microscopy 
For high pressure freezing (HPF), aliquots (7-10 ml) of cells were with- 
drawn from log phase cultures and harvested by vacuum filtration on a 
0.45-p~m filter (Millipore Corp., Bedford, MA). A slight residue of growth 
medium was left on the filter  to prevent drying.  The cell paste was trans- 
ferred to sample holders (Dahl and Staehelin, 1989) and the samples were 
frozen in a Balzers HPM010 high pressure freezer (Bal-Tec Corp., Mid- 
dlebury, CT) and then stored under liquid nitrogen until freeze-substitu- 
tion. Each sample was frozen within 2 min of removal from the culture 
flasks in a shaker bath and within 30-45 s of being captured on the filter. 
HPF fixed cells were processed using a modified method of Ding et al. 
(1991). Briefly,  the cells were freeze-substituted in 0.1%  tannic acid in ac- 
etone at -90°C for 5 d and then fixed in 2% osmium tetroxide in acetone 
at -20°C for 1 d and at 4°C overnight. Fixed samples were rinsed in ace- 
tone, warmed to room temperature, removed from the specimen holders 
and embedded in Spurrs resin. For conventional fixation, glutaraldehyde 
fixed  yeast cells  were prepared  and  embedded  in  Spurrs resin as de- 
scribed by Byers and  Goetsch (1991).  Serial  thin sections (30-50  nm) 
were cut on a Reichert Ultracut E Microtome (Leica Instruments, Wien, 
Austria). Sections were placed on 1 x  2 mm Formvar-coated slot grids, 
and poststained with 2% uranyl acetate in 70% methanol for 4 min and 
aqueous lead citrate for 2 min. 
Microscopy 
Sections were viewed in a CM10 electron microscope (Philips Electronic 
Instruments Co., Mahwah, NJ) equipped with a rotating grid holder and a 
---60  ° goniometer stage operating at 80 kV. When ceils containing spindle 
microtubules in approximate cross-section were detected, the goniometer 
stage controls were used to rotate and tilt the grid to maximize the circular 
cross section profiles of microtubules. For those data sets where tilts were 
adjusted while collecting  the images of the spindle microtubules in cross- 
section, the tilt  data was recorded and tilts  were rectified  during model 
building.  Micrographs were taken  at  an approximate magnification of 
21,000 on the microscope, and true magnification was calibrated using a 
carbon replica grating of known spacing. 
3D Reconstruction and Modeling 
Microtubule tracking and  modeling were as previously described  (Mc- 
Donald et al., 1991, 1992; Ding et al., 1993). Briefly,  the operations are as 
follows: EM negatives of spindle cross-sections are placed on a light box 
and relevant portions are digitized  with a Dage 81 MTI video camera con- 
nected to a Parallax 1280 graphics device  in a Microvax III computer. Im- 
ages of successive  sections were aligned,  and an operator tracked individ- 
ual microtubules from beginning to end by placing a model point in the 
centers of each microtubule cross section.  Once all the microtubules in ev- 
ery section have been identified,  a  3D  model is displayed.  The correct 
lengths of the spindle microtubules are calculated  after taking into ac- 
count tilt and section thickness.  At this point the distribution of microtu- 
bules can be used for various quantitative analyses, including  the use of 
the programs described in McDonald et al. (1991). 
Results 
Images of Cryofixed and Freeze-substituted Yeast Cells 
Fig.  1 shows a longitudinal view of a mitotic spindle in a 
yeast cell prepared for EM by high pressure freezing and 
freeze substitution (HPF/FS, see Materials and Methods). 
Cryofixed and  freeze-substituted yeast cells  have  previ- 
The Journal of Cell Biology, Volume 129, 1995  1602 Figure 1.  Electron micrograph of a longitudinal  section of a yeast spindle in a cell prepared by HPF/FS (see Materials  and Methods). 
The SPBs (SP), nuclear pores (NP), and microtubules (carets) are indicated. Bar, 0.1 p~m. 
ously been shown to display excellent morphology (Heath 
and Rethoret, 1982; Tanaka and Kanbe, 1986; Baba et al., 
1989; Ding et al., 1993) and have possibly fewer distortions 
than  are seen in cells chemically fixed at room tempera- 
ture. Indeed, the spindle displayed in Fig. 1 shows microtu- 
bules  in  longitudinal  view  that  are  well  contrasted, 
straight, and appear to have uniform thickness along their 
length in a dense and uniform nucleoplasm. Furthermore, 
the nuclei in cells at early stages of mitosis, like the one in 
Fig. 1, appear round and the envelope, spindle pole bodies 
(SPBs), and pores are all well preserved. The lack of dis- 
tortion seen in HPF/FS cells gives us confidence that the 
measurements presented below are accurate. Further dif- 
ferences are seen when cross sectional images of nuclear 
microtubules from cells prepared by HPF/FS (Fig. 2 A) are 
compared to similar images of cells prepared by chemical 
fixation (Fig. 2 B). Images of microtubule cross sections in 
HPF/FS prepared cells reveal large lumens surrounded by 
thin  walls  in  which  protofilament structure  can  be seen. 
Microtubule cross sections from chemically fixed cells are 
less regular, and appear smaller and distorted. Overall, we 
believe that the HPF/FS prepared cells used in this study 
have  suffered less distortion  in  microtubule  and  nuclear 
architecture, and therefore in spindle structure, compared 
with cells that had been fixed by conventional methods. 
tions have been tracked from section to section, and polar- 
ity assigned based on the proximity of the microtubule end 
or ends to an SPB. The criteria for assigning the end of a 
microtubule to an SPB involves examining each microtu- 
bule and its neighbors in the sections that contain the SPB. 
The SPB is usually seen in two or three sections because it 
is  tilted  relative  to  the  spindle  axis  and  it  is  somewhat 
curved (Figs. 1 and 3). A  microtubule is defined to end "at 
the pole" if it and some of its neighbors end in the same 
section, and if the next section past the end of the microtu- 
Spindle Reconstructions 
Fifteen mitotic spindles from S. cerevisiae varying in length 
from 0.6 ~xm to 9.4  txm have been reconstructed from im- 
ages of complete serial cross sections. Fig. 3 shows 24 rep- 
resentative cross section images that constitute most of the 
data  set  from a  1.48-p,m spindle.  Microtubule  cross sec- 
Figure 2.  Comparison of mi- 
crotubule  structure  in  cross 
sections  from cells prepared 
by HPF/FS (A) and chemical 
fixation  (B,  see  Materials 
and Methods).  Bar, 0.1 p~m. 
Winey et al. S. cerevisiae  Spindle Structure  1603 Figure 3.  Serial cross sections for a spindle, starting at one pole (upper left) and continuing left to right, top to bottom to the other pole. 
The spindle (No. 9 in Fig. 5; Table I) consists of 36 sections, of which 24 sections are shown here. The sections not shown are distributed 
throughout the spindle and no gap between the sections displayed is larger than one section. The three continuous microtubules in this 
spindle are marked with an x to aid understanding the nature of microtubule tracking, and of the assignment of polarity. Bar, 0.1 ixm. 
The Journal of Cell Biology, Volume 129, 1995  1604 Figure 4.  Representative reconstructions  of short (A, No. 1, Fig. 5; Table I), medial (B, No. 7, Fig. 5; Table I), and long (C, No. 13, Fig. 
6; Table I) mitotic spindles assembled as described  in Materials  and Methods.  Sample cross section micrographs are shown for each re- 
construction  and the approximate position of each cross section is marked by an arrow and a tick mark. The polarity of the microtubules 
in each micrograph is indicated  by marking the microtubule with a dosed circle if it originated  from the left pole, an open circle if it 
tracked to the right pole, and an x if the microtubule was continuous.  Bars, 0.1 Ixm. 
bules contains dense SPB material in the vicinity of the mi- 
crotubule  being  considered.  In  the  reconstructions  pre- 
sented, all microtubules studied (n = 508) were tracked to 
one or both SPBs,  and fragments of microtubules in the 
nucleoplasm were not found. 
In most cases (94%), one microtubule end is associated 
with an SPB and the other end is free in the nucleoplasm. 
We presume that the end of the microtubule defined as as- 
sociated with an SPB is its minus end.  For a  minority of 
microtubules  (6%, n  =  30),  both ends fit the  criteria  for 
SPB association. We call these "continuous" microtubules, 
and  we  are  unable  to  assign  them  a  polarity.  The  term 
"continuous" does not imply that these microtubules have 
extraordinary  structure  or that SPBs  have the  ability to 
capture a microtubule plus endl We are simply limited in 
3D resolution by the 30-50-nm thickness of each section. 
To illustrate the end assignments of microtubules, the con- 
tinuous  microtubules are identified from one SPB  to the 
other in Fig. 3. 
After the microtubules in a spindle have been identified 
and tracked, a model of the complete spindle can be gen- 
erated, such as the three shown in Fig. 4. Sample images of 
cross  sections  through  spindles  of  various  lengths  are 
shown  with  the  polarity  of  the  microtubules  indicated. 
Whereas the reconstructions are useful for visualizing the 
3D structure of spindles, comparisons of the organization 
of spindles  can  often  be  better made  by using  different 
forms of data presentation,  such as two dimensional mi- 
crotubule overlap diagrams (Figs. 5 and 6). These figures 
display all the microtubules in each of the 15 spindles re- 
constructed,  where  the  individual  microtubules  are  ar- 
ranged by polarity and  length.  The numbers of microtu- 
bules  in  the  15  reconstructed  models  are  tabulated  in 
Table I. The  set  of spindles  covers the  range  of spindle 
lengths (<1.0 ixm-~10.0 ~m) expected in haploids (Byers 
and Goetsch, 1975a;  King et al., 1982).  Two reconstructed 
spindles,  (Nos.  13  and  15,  Fig.  6; Table I), were  derived 
from a diploid strain used early in the analysis. These two 
spindles have microtubule numbers and organization simi- 
lar to what was observed for long spindles (>2.5 txm) from 
the haploid strain, so we believe that ploidy is not an im- 
portant factor for microtubule number at this late stage of 
Winey et al. S. cerevisiae Spindle Structure  1605 Figure 5.  Microtubule  overlap displays for the four short (Nos. 
1--4) and the six medial spindles (Nos. 6-10). Each line represents 
a single microtubule, and microtubules from each half spindle are 
arranged  top to bottom according to the position  of their plus 
ends along the spindle axis. The ends at each side of the display 
are the minus ends. They do not all start from the same section, 
because the spindle pole body is tilted relative to the spindle axis 
mitosis. These long spindles can lack continuous microtu- 
bules, a feature displayed in two spindles of the data set, 
Finally, the sets of 2--4 long microtubules from each SPB in 
the long spindles twist around each other, as seen in Fig. 4 
C. If viewed end-on from the SPB, the twist is left-handed 
(counter-clockwise) and has a pitch of ~2-2.5 p~m." 
We were also able to make a few observations about the 
organization of the cells containing the spindles that were 
reconstructed. Among these  15  spindles,  11  (Nos.  1-10, 
Fig. 5; No. 12, Fig. 6; Table I) that ranged in length up to 
3.06  p~m were found in the mother cell, whereas the re- 
maining four spindles (Nos. 11 and Nos. 13-15, Fig. 6, Ta- 
ble  I) ranging from 2.71  txm to 9.41  Ixm in  length were 
found to extend through the bud neck from the mother 
into the daughter cell. We observed spindles of ~3.0 p,m in 
length that are entirely in the mother cell. These spindles 
are longer than the length (<0.9  p,m)  reported by Byers 
and Goetsch (1975a). We confirm the observation by By- 
ers and Goetsch (1975a) that the nuclear envelope is col- 
lapsed around the center of the spindle at later points in 
mitosis. Constriction of the nuclear envelope was seen in 
all the spindles that extended through the bud neck, but 
can extend past the limits of the bud neck. This constric- 
tion was observed over a long distance in reconstruction 
No. 15 (Fig. 6), where the cross section of the nuclear en- 
velope showed just enough space in the nucleus to accom- 
modate the spindle microtubules (i.e., Fig. 12 D). 
Spindle Microtubule Numbers, Length, Distribution, 
and Packing 
The reconstructions of mitotic spindles contained a maxi- 
mum of 62 microtubules and a  minimum of 8  (Table I). 
The short spindles (Nos. 1-4, 0.63-0.86 ~m in length, Fig. 
5; Table I) contained an average of 42 (+_ 12) microtubules 
that were equally distributed between the two SPBs (avg. 
21 +_ 7). All of the short spindles contained continuous mi- 
crotubules, and most of them included enough microtu- 
bules from each SPB to have one end on each of 16 kineto- 
chores. One short spindle (No. 4, Fig. 5; Table I) is quite 
asymmetric, with  only seven  microtubules on one  SPB. 
Such asymmetry may indicate difficulties in identifying all 
the microtubules in this spindle, or it may represent a bona 
fide spindle structure resulting from some level of dynamic 
behavior. The medial spindles (Nos. 5-10, 1.30-1.55 p~m in 
length, Fig.  5; Table I)  contain approximately the same 
number of microtubules (avg. 44  +  8) as the short spin- 
dles, even though the spindles themselves are longer. Mi- 
crotubule number begins to fall with spindles Nos. 11 and 
12 (Fig. 6; Table I), coincident with the first observation of 
spindles passing through the bud neck. Further reduction 
in microtubule numbers is observed in the longest spindles 
(Nos. 13-15, Fig. 6; Table I), all of which extend through 
the bud neck. The average number of microtubules in the 
five long spindles (Nos. 11-15, Fig. 6; Table I) is 15 (___7). 
and/or the plane of section (see Figs. 1 and 3). The continuous 
microtubules in these reconstructions are displayed under the ar- 
rays of microtubules for which polarity was assigned. The num- 
bers of different class microtubules in these reconstructions  are 
tabulated in Table I. 
The Journal  of Cell Biology,  Volume 129, 1995  1606 Figure 6.  Microtubule overlap displays for the five long spindles (Nos. 11-15) are as in Fig. 5, but plotted on two different scales to ac- 
commodate spindle number 15. Spindle 14 is plotted on both scales to show relative size. The top set of spindles (Nos. 11-14) are on the 
same scale as Fig. 5, and data from all these spindles are included in Table I. 
This trend of decreasing microtubule number with increas- 
ing spindle length is shown graphically in Fig. 7 A. Finally, 
Fig. 7 B  shows that the mean length of spindle microtu- 
bules increases with spindle  length. This is expected be- 
cause microtubule length is limited by spindle length, and 
in long spindles, some microtubules must be long enough 
to span at least half of the spindle. 
In addition to the attributes of individual microtubules, 
quantitative analysis was performed to determine the na- 
ture of packing of spindle microtubules in cross section us- 
ing the algorithms of McDonald et al. (1992). A  neighbor 
density analysis (NDA) was used to calculate the density 
at which microtubules are found at a given distance from 
one another, which can be used to identify the preferred 
distance between microtubules if one exists. Fig. 8 shows 
the results of the NDA for microtubules in the midzone of 
the short spindles (Fig. 8, A-C) and long spindles (Fig. 8, 
D-F). An NDA of all the microtubules in the short spin- 
dles shows a weak peak ~45 nm (Fig. 8 A). The NDA re- 
suits were similar for the medial spindles (data not shown). 
No significant preferred spacing was detected when neigh- 
boring microtubules of like polarity in the short spindles 
were analyzed (parallel, Fig.  8  B). However, analysis of 
the microtubules from opposite poles revealed a preferred 
spacing of N45 nm, center-to-center (anti-parallel, Fig. 8 
C).  In the longest spindles, the microtubules at the mid- 
zone exhibited a strong tendency to be separated by N45 
nm  (Fig. 8  D). This preferred spacing was  strongest be- 
tween microtubules of opposite polarity (anti-parallel, Fig. 
8 F), when compared to the spacing between microtubules 
of like polarity (parallel, Fig. 8 E). These results suggest 
that increasing spindle length is correlated with close asso- 
ciation among anti-parallel microtubules. 
Since a  preferred distance was detected between anti- 
parallel microtubules in the spindle midzones of long spin- 
dles, these regions were examined in all spindles for higher 
order organization, such as a particular packing geometry 
Table I. Distribution  of Microtubules in 
15 Spindle Reconstructions 
Class 
Spindle  Number  of microtubules 
Number*  Length  Total  Polar*  Continuous  Noncore  Core§ 
bun 
Short  1  0.63  41  20/17  4  15/14  12 
2  0.63  40  18/21  1  17/21  2 
3  0.77  59  30/28  1  26/28  5 
4  0.86  28  18/7  3  13/4  11 
Medial  5  1.30  36  17/15  4  17/12  7 
6  1,38  45  21/23  1  17/20  8 
7  1.46  42  21/19  2  19/15  8 
8  1.47  36  13/20  3  11/17  8 
9  1.48  62  27/32  3  22/26  14 
10  1.55  44  24/18  2  22/17  5 
Long  11  2.711  21  9/9  3  8/9  4 
12  3.06  24  10/12  2  6/8  10 
13  3.711  9  5/4  0  3/2  4 
14  3.76n  8  4/3  1  2/0  6 
15  9.41fl  13  10/3  0  8/1  4 
*The numbering  of spindles  here is the same as inFigs. 5 and 6. 
:~The polar microtubules  are shown left/fight  in Figs, 5 and 6. 
§ Core and noncore microtubules  are defined in the text, and are the subject  of Figs. 9 
and 10. 
aSpindles extended through the bud neck. 
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Figure  7.  Quantitative  analysis of microtubule  attributes  ex- 
tracted from the spindle reconstructions,  and displayed vs the 
spindle lengths  (x axis, note the logarithmic  scale). These at- 
tributes include the total number of microtubules in each spindle 
(A), and the mean microtubule length in each spindle (B). 
as determined by analyzing the angles formed by neigh- 
boring microtubules  (McDonald et al.,  1991,  1992).  The 
cross-sectional structure at the spindle midplanes for short 
and medial spindles is represented by the examples in Fig. 
4, where no consistent packing geometry is apparent and 
none was found by determining the angular distributions 
in these spindle midplanes (data not shown). No single ex- 
ample is  representative of the structure for longer spin- 
dies. Fig. 8 (G-K) shows the microtubule arrangement in 
cross section at the midplane of the 5 long spindles to ex- 
hibit the diversity of structure. This diversity includes spin- 
dles with and without continuous microtubules. The com- 
mon theme shown by the three longest spindles (Nos. 13, 
14, and 15, Fig. 6) is an array of four microtubules. In two 
of these spindles (Nos. 13 and 15, Fig. 6), the four microtu- 
bules comprise a pair emanating from each SPB. There is 
no consistent packing geometry for this cluster of four mi- 
crotubules in the longest spindles. Finally, it may not be a 
consistent feature of very long spindles  (>3.5  ~m)  that 
they contain four microtubules, two from each SPB (i.e., 
Fig. 4  C), because a  partial reconstruction of an 8.0-1xm 
long spindle only had three microtubules at its midplane 
(data not shown). 
Functional Classes of  Microtubules in 
Mitotic Spindles 
One goal of high resolution mapping of microtubules in the 
yeast spindle was to identify different functional classes of 
microtubules and to determine their attributes. The two ex- 
pected functional classes  of microtubules were  those  at- 
tached to kinetochores and those that formed an interpolar 
spindle in association with  anaphase  B  separation  of the 
SPBs. The NDA  analysis described above suggested that 
some anti-parallel microtubules did have a  preferred dis- 
tance of association which could be the result of their in- 
volvement in  an  interpolar spindle.  Furthermore, riffling 
through images of serial spindle cross sections gave the im- 
pression that there is  a  core bundle of microtubules that 
maintain associations over long distances. The continuous 
microtubules  seemed  to  be  a  nucleus  for this  core,  and 
many of the associations appeared to involve a continuous 
microtubule and a polar microtubule. 
We computed the lengths over which microtubules were 
"paired" to quantitatively verify the observation of a core 
bundle  of  microtubules.  Microtubules  were  defined  as 
paired when they were separated by a distance less than 
the upper limit of the peak in the NDA graphs (Fig. 8, A-F; 
45 nm in general, or 55 nm for short spindles). Fig. 9 A 
shows  schematically how pairing was  computed for two 
neighbors  to  a  continuous  microtubule.  The  maximum 
length over which a given microtubule was paired with any 
of its neighbors was calculated as a single parameter state- 
ment that described the extent of pairing for that microtu- 
bule. The distribution of maximum pairing lengths for mi- 
crotubules with nonzero pairing is shown for the short and 
the  medial  spindles  in  Fig.  9,  B  and  C,  respectively. In 
these histograms, pairing lengths for continuous microtu- 
bules  are  shaded  in  black.  The  distribution  of pairing 
lengths for short spindles (Fig. 9 B) is unimodal, indicating 
that core bundle microtubules cannot be reliably distin- 
guished from other microtubules. Conversely, the distribu- 
tion for medial spindles  (Fig.  9  C)  is bimodal, with one 
peak due to short pairing distances and a  broader peak 
from  longer  pairing  lengths.  This  indicates  that  medial 
spindles  contain two populations of microtubules distin- 
guished by the presence or absence of substantial pairing 
lengths. The minimal pairing length of 0.24 ~m was chosen 
to distinguish core and noncore microtubules because this 
value marks the end of the peak of pairing lengths for mi- 
crotubules not involved in substantial pairings in medial 
spindles (Fig. 9 C), and because all of the continuous mi- 
crotubules in the short spindles had pairing lengths of at 
least 0.24 txm. Finally, the reconstructed spindles were re- 
examined using  other pairing  lengths  to  distinguish  be- 
tween core and noncore microtubules. The microtubules 
involved in  core  bundles,  as  defined by these  arbitrary 
pairing  distances,  were compared with  the microtubules 
identified as being in the core bundle by subjective exami- 
nation of the reconstruction. The pairing distance of 0.24 
txm gave a reasonable correspondence between objective 
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Figure  8.  Neighbor  density 
analyses (NDA) for the mid- 
plane of short (A, B, and C; 
spindles Nos. 1-4, Fig. 5, Ta- 
ble I) and the longest  (D, E, 
and  F;  spindles  Nos.  13-15, 
Fig. 6, Table I) spindles. The 
average density  of neighbor- 
ing microtubules is plotted as 
a function of distance from a 
microtubule.  Densities  are 
averaged  over  2-5  sections 
near  the  midplane  of  each 
spindle. The NDA for all mi- 
crotubules  from the spindles 
are pooled (A  and  D),  and 
then  categorized  by relative 
orientation  with  continuous 
microtubules  removed from 
the analysis  (parallel,  B and 
E; antiparallel,  C and F). The 
actual  midplane packing ar- 
rangements (G, H, I, J, and 
K) of the five long spindles 
(Nos. 11-15, Fig. 6, Table I) 
is  shown  schematically, 
where microtubule polarity is 
defined by the same symbols 
as in Fig. 4. 
and subjective identifications of core bundle microtubules 
for reconstructions of all lengths. 
A  medial spindle (No. 7, Fig. 5; Table I) deconstructed 
into core bundle and noncore bundle microtubules based 
on the criteria described above is shown in the remaining 
panels of Fig. 9. The complete reconstruction for this spin- 
dle is shown in Fig. 9 D, and the core bundle microtubules 
are displayed in Fig. 9 E. This core bundle contains polar 
microtubule constituents (Fig. 9 F; 2 from the left pole, 4 
from the right pole) and continuous microtubules (Fig. 9 
G). Finally, the polar microtubules that are not part of the 
core bundle are displayed in Fig. 9 H. 
The importance of continuous microtubules in organiz- 
ing the core bundle is shown by the fact that two-thirds of 
the pairing lengths greater than 0.24 Ixm involved a contin- 
uous microtubule,  although  continuous  microtubules are 
only 6% of the total microtubule population and contrib- 
ute only 16.6% of the total microtubule polymer in the 15 
reconstructed spindles. Of the associations of greater than 
0.24  Ixm in the short and medial spindles, 64%  were be- 
tween a polar and a continuous microtubule, 29% between 
two polar microtubules, and 7% between two continuous 
microtubules. Tracking the core bundle of microtubules to 
the SPB revealed that core bundles extend from the SPB, 
but are not originated from any given part of the nuclear 
face of the SPB. 
The identification of core bundle microtubules allows a 
tentative  identification  of the  remaining microtubules as 
kinetochore microtubules, particularly when viewed in iso- 
lation, as in Fig. 9 H. Some indication of the behavior of 
these putative kinetochore  microtubules over the course 
of mitosis can be gleaned from the distributions  of their 
lengths. Fig.  10 shows the length distributions of noncore 
microtubules (open bars)  and of core microtubules (filled 
bars) for short (Fig. 10 A), medial (Fig. 10 B), and 2.7-3.1 
~m spindles (Fig. 10 C). The mean number of noncore mi- 
crotubules  per spindle  is 34.5  for the  short spindles and 
35.8  for  the  medial  spindles,  approximating  the  32  ex- 
pected if one microtubule makes contact with each of the 
32  kinetochores.  Also,  there  is  no  indication  that  these 
noncore microtubules shorten in length between the short 
spindle stage and medial spindle stages. This point is clear 
from the position of the main peaks in the length distribu- 
tions (Fig. 10, A  and B), regardless of the identification of 
core and noncore microtubules. Therefore, both the num- 
ber and  length  of the presumptive kinetochore  microtu- 
bules  are  nearly the  same in  short  and  medial spindles. 
The  number of these  microtubules in  longer  spindles  is 
about half that of the medial spindles. However, the mean 
length of the remaining noncore microtubules in the long 
spindles is only somewhat reduced,  decreasing from 0.34 
Ixm in the medial spindles to 0.29 txm in the long spindles 
(Nos. 11 and 12; Fig. 10 C). Assuming that these noncore 
microtubules are kinetochore microtubules, the reduction 
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Figure 9.  Pairing analysis for identification of core bundle micro- 
tubules is  shown schematically (A).  It  involves measuring the 
length over which the distance between two microtubules is no 
more than 45 nm, center-to-center (two headed arrows). Only the 
segments of microtubules 6 or more sections from the SPB were 
analyzed to eliminate the effects of general packing of microtu- 
bules near the SPBs. The analysis was limited to pairing between 
antiparallel microtubules and any pairing that involved a continu- 
ous microtubule. Microtubules can have more than one pairing 
partner, but only the longest pairing length has been reported for 
each microtubule. Pairing lengths of 0--0.45 I~m (x axis) are found 
in the short spindles (B; spindles Nos.  1-4, Fig. 5, Table I) and 
pairing lengths of 0-1.0 Ixm are found in the medial spindles (C; 
spindles Nos. 5-10, Fig. 5, Table I). The histograms (B and C) dis- 
play the number of microtubules (y axes) having a  given maxi- 
mum pairing length (x axes),  and the filled regions of the  his- 
tograms  indicate  continuous  microtubules.  Bundling  was  not 
examined in the long spindles because the structure is obvious. 
D-H show the deconstruction of a spindle reconstruction (No. 7, 
Figs. 4 and 5; Table I) into its component parts. By this analysis, 
the complete reconstruction (D) consists of a core bundle of mi- 
crotubules (E) and polar microtubules from each pole (H). The 
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Figure 10.  Microtubule length distributions in short (A; spindles 
Nos. 1-4, Fig. 5, Table I), medial (B; spindles Nos. 5-10, Fig. 5, 
Table I), and 2.7-3.1 ~m (C; spindles Nos. 11 and 12, Fig. 6, Table 
I)  spindles. The number of microtubules (y axis) is plotted vs 
their lengths in Ixm (x axis). The numbers of microtubules longer 
than 1.6 ixm has been pooled for the long spindles (C). The filled 
regions of the histograms indicate microtubules identified as core 
bundle microtubules. 
core bundle consists of polar microtubules (F) and continuous mi- 
crotubules (G). Bar, 0.2 ~m. 
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suggests that anaphase A  movements (kinetochore to the 
pole) do occur. 
Based on the supposition that the noncore microtubules 
are kinetochore microtubules, then the average separation 
between sister kinetochores can be estimated from the po- 
sitions of these microtubule plus ends.  The distance  was 
measured from the  end  of each noncore microtubule to 
the  spindle  midplane,  and  this  distance  was  counted  as 
negative  for MTs that  extended  past the  midplane.  The 
mean distance was 0.12 ixm for short and 0.39 ~m for me- 
dial  spindles,  which  implies  a  mean  separation  between 
sister kinetochores of 0.23 Ixm in short and 0.77 Ixm in me- 
dial spindles. As already discussed above, this increase in 
J  ~ 
~  jJ 
'v 
I 
f 
j 
Figure 11.  An example of possible end-to-end pairs of noncore 
microtubules in a short spindle (No. 2, Fig. 5; Table I). The com- 
plete spindle reconstruction (A) consists of unpaired core bundle 
and noncore microtubules (C) and of paired noncore microtu- 
bules (B). In this example, pairs were identified  using a cone that 
was 0.25 ~m in diameter with a vertex semiangle  of 25 ° extend- 
ing from the end of one microtubule and choosing  the closest 
end of a microtubule with opposite polarity that lay within  the 
cone.  Pairs  identified  by this  technique  are identified  by like 
symbols on the ends of two noncore microtubules (B),  and the 
same symbols have been placed at the bottom of the panel to in- 
dicate the position of the midpoint of the given end pair along 
the  axis of the  spindle.  The area encompassed by these  mid- 
points has been defined as the midzone.  Some microtubule ends 
appear close, but are not marked as pairs. These ends are sepa- 
rated by significant distances  in the dimension perpendicular to 
the page. Bar, 0.1 Ixm. 
separation is accomplished by lengthening of the core bun- 
dle rather than by any shortening of the kinetochore mi- 
crotubules. Such lengthening of the core bundle with sta- 
ble kinetochore microtubule populations should result in 
an increase in total microtubule polymer in medial spin- 
dles as compared to short spindles. Indeed, the increase in 
spindle length from short to medial is accompanied by an 
increase in total microtubule polymer from 12.6  _  3.2 txm 
(mean ___ SD) to 21.7 _  5.5 ixm, respectively. 
We extensively explored whether the plus ends of op- 
posing  noncore  microtubules  were  separated  by  some 
characteristic distance. Such an arrangement might be ex- 
pected if the microtubules were linked to sister chroma- 
tids,  and  may identify metaphase in  this  yeast.  Pairs  of 
opposing microtubules were chosen by a  variety of tech- 
niques and examined for their geometry, and one example 
of such pairings appears in Fig. 11 (see legend for details). 
Unfortunately, no single optimal way to form end-to-end 
pairs was found. The various criteria used for pair forma- 
tion greatly affected the identification of individual pairs, 
the numbers of pairs per spindle, and the average separa- 
tion  between  paired  microtubule  ends.  The  example  of 
Fig. 11 is, however, quite typical of results from short spin- 
dles with rather liberal criteria for forming pairs. The pairs 
shown illustrate the large range in both the separation be- 
tween paired ends (0.1-0.25 txm) and the positions of pairs 
along the axis of the spindle. The end-to-end pairs identi- 
fied in Fig.  11, and found using other pairing criteria, do 
not  show  the  uniform spacing  between  the  microtubule 
ends, or the alignment at the spindle midplane that would 
be expected for a standard metaphase. 
Finally, we extended the analysis of the paired microtu- 
bules to characterize the midzone region of S.  cerevisiae 
spindles. The midzone is defined as the region of the spin- 
dle in which the midpoints of end-to-end pairs of presump- 
tive kinetochore microtubules are found (Fig.  11 B). The 
midpoint positions of paired microtubules and the result- 
ing midzones defined by the midpoints were determined 
for the three shortest spindles (Nos. 1, 2, and 3; Fig. 5; Ta- 
ble I). These measurements reveal a midzone of 0.36 Ixm 
(_+0.08 Ixm), comparable to the midzones of 0.36 Ixm and 
0.42  Ixm for 2.3  ~m and 2.8  Ixm spindles from S. pombe 
(Ding  et  al.,  1993).  These  midzones  are  considerably 
smaller than the 2.1-~m midzone calculated for a spindle 
from PtK cells  (Mastronarde  et al.,  1993).  However, ex- 
pressing the size of midzone relative to spindle length sug- 
gests that S. cerevisiae is quite different. The midzones of 
the short S. cerevisiae spindles examined average 53% the 
length of the spindle, whereas the S. pombe midzones are 
16%  and 18%  of spindle length, and the metaphase PtK 
midzone  is  20%  of spindle  length.  The  relatively  large 
spindle midzone region in S. cerevisiae spindles, together 
with our inability to identify end-to-end pairs of noncore 
bundle microtubules makes it difficult to determine if any 
of the spindles modeled represent a true metaphase in this 
organism. 
Crossbridge Structures between 
Spindle Microtubules 
Examination  of micrographs  from  every stage  revealed 
the  presence  of  crossbridges  between  spindle  microtu- 
Winey et al. S. cerevisiae Spindle Structure  1611 Figure  12.  Micrographs  displaying  crossbridges  (arrowheads) 
representative of different spindle lengths (spindle No. 2 [A], No. 
12 [B], No. 13 [C], and No. 15 [D]; see Table I). All crossbridges 
displayed connect core bundle microtubules. Bar, 0.1 ixm. 
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Figure 13.  Determination of crossbridge axial density vs relative 
pairing length as described in Results. 
bules. Examples of crossbridges between core bundle mi- 
crotubules  from  various  cells  is  shown  in  Fig.  12.  The 
crossbridges were found between all kinds of microtubules 
but were predominantly on continuous or long polar mi- 
crotubules.  For  example,  among  the  100  crossbridges 
found in the 13 spindles with continuous microtubules, 59 
were between a polar and a continuous microtubule, and 
another  17  were between  two  continuous microtubules, 
whereas 19 crossbridges were found between parallel po- 
lar microtubules,  and  5  were between  antiparallel  polar 
microtubules.  We  also  noticed  that  a  large  fraction  of 
crossbridges  were  between  pairs  of microtubules  previ- 
ously identified as being part of a core bundle as described 
above. In all 15 spindles, 131 crossbridges were identified, 
of which 85% (n = 111) were between core bundle micro- 
tubules,  and another 12%  (n =  16) were found between 
core  and  noncore microtubules.  Only  four  crossbridges 
(3%) were found between noncore microtubules, and all 
four were found in short spindles where the core bundle is 
difficult to identify. 
The predominance of crossbridges  on continuous and 
other long microtubules which is correlated with the loca- 
tion of these microtubules in core bundles lead us to ask if 
the  occurrence of crossbridges  could be correlated with 
pairing length between microtubules. For this analysis, we 
examined the number of crossbridges per unit length of 
pairing between microtubules. The length over which each 
possible  microtubule  pair  lay  within  42  nm  was  deter- 
mined.  A  maximal  distance  of  42  nm  between  paired 
microtubules  was  chosen  because  the  center-to-center 
microtubule separation was <42 nm for 98% of the micro- 
tubules bearing crossbridges. The microtubule pairs from 
the  13  spindles  with  continuous  microtubules  were 
grouped by relative pairing length, which is the actual pair- 
ing length divided by spindle length to normalize for spin- 
dle length. The crossbridge density was then computed as 
the total number of crossbridges in the group of paired mi- 
crotubules divided by the total pairing length (Fig. 13). For 
all kinds of microtubule pairs, crossbridge density was zero 
for the shortest pairings and increased progressively with 
longer pairing lengths. Parallel and antiparallel pairing be- 
tween polar microtubules had low and comparable cross- 
bridge densities.  Pairs  of polar and  continuous microtu- 
bules had much higher crossbridge densities, particularly 
for the shorter pairing lengths. Among the spindles with 
continuous microtubules, the highest densities,  1.8 cross- 
bridges/l~m, were found for continuous-continuous micro- 
tubule pairs with the longest pairing lengths. Only for the 
longest spindle (No. 15, Fig. 6, Table I) was there a higher 
density for antiparallel than for parallel pairings (2.9/1~m 
vs  1.9/l~m).  This  analysis  reveals  that  crossbridges  are 
found primarily on core bundle microtubules, and that the 
density of crossbridges increases with pairing length be- 
tween  microtubules,  suggesting  that  crossbridges  may 
have a role in core bundle formation or stability in these 
spindles. 
Discussion 
We  have  examined  the  trajectories  of spindle  microtu- 
bules in HPF/FS-prepared samples of wild-type Saccharo- 
myces  cerevisiae  and  have  obtained  information  about 
spindle design at various stages of mitosis. In agreement 
with previous studies (for review see Byers, 1981a), the 3D 
reconstructions show that spindles of this yeast resemble 
those from other organisms in that they are formed from 
two arrays of microtubules, each emanating from its re- 
spective SPB. Very short spindles contain enough microtu- 
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tochore and several to form an interpolar spindle. There 
is, however, no indication of an ordered metaphase plate. 
In medial spindles,  a  core bundle of interpolar microtu- 
bules is evident, but there are still enough polar, noncore 
microtubules to allow one for each kinetochore. The in- 
ferred positions of sister kinetochores are more separated 
in the medial spindles. The transition from a medial to a 
long spindle occurs at about the time the spindle moves 
into the bud neck when the pole-to-pole distance is ~3.0 
ixm. These long spindles contain a core interpolar spindle 
of 4-10 microtubules, which are apparently sufficient for 
anaphase  B  separation  of the  SPBs  (Sullivan  and  Huf- 
faker, 1992).  As the long spindles increase in length, the 
core bundle microtubules elongate and the number of po- 
lar, presumptive kinetochore microtubules decreases. We 
cannot determine if this decrease in kinetochore microtu- 
bule number is the result of uniform shortening and loss of 
these microtubules, or is the result of individual, stochastic 
events for each microtubule. Our data are compatible with 
the idea that  an initial phase of spindle elongation pro- 
motes  sister  chromatid  separation  early in  mitosis,  and 
that chromosome to pole motion occurs later. Poleward 
movement of the chromosomes may be synchronous, with 
some chromosomes reaching the SPB sooner because they 
started out closer to the SPB on shorter kinetochore mi- 
crotubules, or it could be asynchronous, so chromosomes 
begin to approach the SPB independently of each other. 
Finally, anaphase B  contributes the bulk of chromosome 
separation in this organism, and would appear to involve 
microtubule lengthening and sliding  at  the  spindle  mid- 
plane. 
Previous  analyses  of S.  cerevisiae  spindles  have  been 
carried out by viewing entire spindles in thick sections us- 
ing high-voltage electron microscopy (Peterson and Ris, 
1976),  and  by  examining  isolated  spindles  (King  et  al., 
1982).  Although  limited in  various ways, these  analyses 
did detect some of the features of yeast spindles that we 
report here.  Peterson and  Ris  (1976)  reported approxi- 
mately the same number of microtubules/pole as we have 
found, and suggested that each kinetochore is contacted 
by only one microtubule. However, their isolation proto- 
col from swelled spheroplasts may have introduced arti- 
facts, as pointed out by Goh and Kilmartin (1993). Indeed, 
the Peterson and Ris (1976) study included only spindles 
up to 2.0 txm, because longer spindles did not survive in 
their preparations. It has been reported that spindles up to 
10  ixm  are  present  in  intact  cells  (Byers  and  Goetsch, 
1975a; King et al., 1982). The study on isolated spindles by 
King et  al.  (1982)  did  include long spindles  and  clearly 
demonstrated  that  microtubule  number  decreased  in 
longer  spindles,  as  we  have  observed.  Their models  of 
shorter spindles included ones with an apparent core bun- 
dle  and  short  polar  microtubules  similar  to  the  medial 
spindles reported here. We did not, however, confirm their 
finding that the longest spindles contained only one con- 
tinuous microtubule (King et al.,  1982).  They did attempt 
to  confirm their  observations  in  preparations  of whole 
cells using longitudinal sections (King et al., 1982), but nei- 
ther  of their  approaches  yielded high  resolution recon- 
structions  of  microtubule  distributions  throughout  the 
spindle. The long spindles reported in this study contained 
an average of 15 (_-_7) microtubules in contrast to the sin- 
gle continuous microtubule reported by King et al. (1982). 
The present study suggests some features of the mitotic 
mechanism  in  yeast  that  have  not  been  previously de- 
tected. One such feature is the transition in the structure 
during anaphase B that gives rise to the long spindles that 
extend through the bud neck. S. cerevisiae does exhibit in- 
creasing organization in the interpolar spindle as it enlon- 
gates, a feature common in mitotic spindles (Heath, 1980a; 
Ding et al.,  1993).  The completely reconstructed spindles 
contain a  core bundle with as few as four microtubules, 
two from each pole, and a few short polar microtubules. A 
core bundle of microtubules was also detected in medial 
spindles  by identifying microtubules with relatively long 
pairing distances. These core bundles may include the mi- 
crotubules that will make up the core interpolar spindle of 
the long spindles. The same microtubules were indepen- 
dently identified as members of the core bundle by their 
high  axial  density  of  crossbridges.  This  distribution  of 
crossbridges has several implications. First,  the fact that 
these structures are far from randomly distributed among 
microtubules  of various  kinds  and  lengths  supports  the 
idea that the objects identified as crossbridges are actual 
linkages  between  microtubules.  Second,  the  predomi- 
nance  of crossbridges  on  continuous  microtubules  sup- 
ports the idea that these microtubules are  an important 
component of the scaffolding for spindles in anaphase B. 
Furthermore, the positive correlation of increasing cross- 
bridge density with increasing microtubule length and with 
increasing  pairing  length  suggests  that  there  may  be  a 
functional relationship between crossbridges and the for- 
mation of an interpolar spindle. Assuming that yeast spin- 
dle microtubules display dynamic instability, like the mi- 
crotubules of other spindles,  these  findings  suggest  that 
crossbridges may stabilize microtubules in the core bun- 
dle. Such stabilization may be required, since it appears 
that  this  simple  interpolar  spindle  generates  sufficient 
force  for  anaphase  B  in  yeast  (Sullivan  and  Huffaker, 
1992). 
Other newly defined aspects of yeast mitosis involve the 
onset  of anaphase,  i.e., sister chromatid separation,  and 
the progression of anaphase from this point. The fact that 
medial spindles contain populations of polar microtubules 
that are similar in number and length to those found in the 
short spindles may indicate that early spindle elongation 
serves to separate the sister chromatids before anaphase A 
(movement of the kinetochores to the poles). An unam- 
biguous  interpretation  of our  reconstructed  spindles  is, 
however, limited by our inability to define metaphase in 
this yeast. Its closed mitosis further complicates the issue, 
because almost all SPB separation in this organism is asso- 
ciated with spindle-like structures, and the short spindles 
studied here could represent a stage of prometaphase. The 
problem is compounded by our inability to demonstrate 
that the polar microtubules are indeed kinetochore fibers, 
because kinetochores cannot be visualized. However, this 
is a lesser concern because it is hard to imagine what these 
polar microtubules are doing if they are not attached to ki- 
netochores. Bipolar attachments of sister chromatids with- 
out alignment at the spindle midplane defines metaphase 
in the fungus, Neocallimastix (Heath and Bauchop, 1985). 
It is possible that S.  cerevisiae has a similar sort of meta- 
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bipolar sister chromatid attachment that would have pre- 
sumably  yielded  a  preferred  end-to-end  distance  for 
paired  microtubules.  Nonetheless,  kinetochore  proteins 
localize along the length of short spindles in S.  cerevisiae 
by immunofluorescent staining, and do not define a meta- 
phase plate (e.g., Goh and Kilmartin, 1993). 
It is possible that metaphase in this yeast was not recog- 
nized because of fundamental differences in its organiza- 
tion from mammalian cells. Yeast centromeres are small, 
approximately  125  base  pairs  (for  review  see  Bloom, 
1993), and presumably the kinetochores are also small and 
may function only to attach  each chromatid to a  single 
spindle microtubule, but not to its sister chromatid. If the 
attachment between sister chromatids is  at  sites  distant 
from the centromere, perhaps the kinetochores can be at- 
tached to each pole even when the gap between the ends 
of the polar microtubules is relatively large, as in the me- 
dial spindles where the gap can be nearly a micrometer. 
Such organization of the sister chromatids seems possible, 
since S.  cerevisiae  lacks cytologically discernible chromo- 
some condensation, which may limit such flexibility. Such 
an  arrangement is reminiscent of metaphase in the dia- 
toms  Hantzschia  and Nitzschia  (Tippit et al.,  1980). Fi- 
nally, we  still cannot rule out the  possibility that  meta- 
phase in yeast is rapid and has simply not been observed. 
Another aspect of mitosis in S. cerevisiae  is the behavior 
of the polar, presumptive kinetochore microtubules in the 
long  spindles.  These  microtubules  are  of approximately 
constant number and average length in the short and medial 
spindles, but their numbers decline in the long spindles. The 
fact that the number of polar microtubules falls in longer 
spindles while the average length of those remaining is ap- 
proximately the same as that of the polar microtubules in 
the short and medial spindles can be explained by either of 
two models. In one model, the polar microtubules are uni- 
formly depolymerized such that the shortest ones are lost, 
whereas the  longest polar microtubules in short  spindles 
give rise to the observed residual population in longer spin- 
dles. The second model suggests that the polar microtubules 
are depolymerized asynchronously and relatively quickly, 
such  that  intermediate  length  microtubules  are  not  ob- 
served. Such behavior would be suggestive of microtubule 
dynamic instability, and it seems plausible that the loss of 
the polar microtubules in long spindles results from inde- 
pendent microtubule catastrophes (Mitchison and Kirsch- 
ner, 1984).  In either case, microtubule disassembly could 
contribute to the poleward movement of the chromosomes 
if kinetochores are still attached to these microtubules. For- 
mally,  such  movement  of  kinetochores  to  the  poles  is 
anaphase A. If this is anaphase A, it occurs late during S. 
cerevisiae  mitosis and it may occur asynchronously. Asyn- 
chronous  anaphase  has  been  described  in  Saprolegnia 
(Heath, 1980b)  and Neocallimastix  (Heath and Bauchop, 
1985), though in both organisms the onset of chromosome 
movement begins from a  stage that looks like true meta- 
phase. The role of a late anaphase A in S. cerevisiae  is not 
clear, but it may be necessary to draw the centromeres close 
to the SPB to establish interphase nuclear organization or 
to prevent chromosome breakage during karyokinesis. 
Mitosis in S.  cerevisiae  differs in several ways from the 
comparable process in mammalian cells, where metaphase 
alignment of chromosomes is clearly defined and is suc- 
ceeded by anaphase A  and then anaphase B. The spindle 
of this budding yeast is not greatly different from that seen 
in  other  fungi  (for review see  Heath,  1980a).  Detailed 
structural studies of mitosis in several fungi have failed to 
reveal a true metaphase, and Heath (1980a) has pointed 
out that this feature of chromosome behavior may be dis- 
pensable  for small  spindles.  Mitosis  in the  fission yeast 
Schizosaccharomyces  pombe  does  include  a  metaphase 
alignment of chromosomes (Uzawa and Yanagida, 1992), 
but in this organism part of anaphase B precedes anaphase 
A (Ding et al., 1993). 
Interpretation of the reconstructions of S. cerevisiae  mi- 
totic spindles is limited by several factors. Microtubule dy- 
namics are not known for yeast spindles; if each kineto- 
chore  captures  one  microtubule  and  the  core  bundle 
microtubules are  stabilized by crossbridges, it is  possible 
that there is little dynamic behavior. Also, we have not seen 
kinetochore structures, so correlations of spindle structures 
with the stages of mitosis (as defined by chromosome move- 
ments) cannot be rigorously accomplished, as demonstrated 
by our inability to define metaphase. Future studies, com- 
bining immunoelectron microscopic identification of kine- 
tochores combined with 3D  modeling as presented here, 
will be critical in refining these correlations. Until then, we 
anticipate that this description of wild-type S. cerevisiae mi- 
totic spindles will be useful in the analysis of the localization 
of spindle components, and of mutants that arrest mitosis or 
cause aberrant spindle structure. 
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